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I. INTRODUCTION
Equations of state of metals along the room-temperature Hugoniot (or "principal Hugoniot") have been studied extensively over the last decades. The materials with high initial temperature are ubiquitous in nature such as the materials in the earth's interior. The research on Hugoniots of preheated materials is important for the experiments of shock wave physics, such as the flyer accelerated by electromagnetic force and shock compression of the preheated powders. The Hugoniots of preheated materials deviate from their principal Hugoniots due to the high initial temperatures, which are called as the high-temperature Hugoniot. It is difficult to measure Hugoniots at varied preheated temperatures; and then developing a model to describe the dynamic behavior of materials with high initial temperature is necessary.
A few studies concerning high-temperature Hugoniot of materials can be found in the literature. A common approach to determine the equation of state (EOS) is to fit Hugoniot data. Miller et al.
1 adopted a linear fit for its Hugoniot data at 1673 K, and it has shown good agreement with the experimental data. Although this linear Hugoniot fits works extremely well in a local range, it would create unacceptable error at large compression, due to the curvature of the hightemperature Hugoniot in U S -U P space. 2 Others have applied the Mie-Gr€ uneisen EOS to calculate the high-temperature Hugoniot of materials from their known principal Hugoniot along the isochoric path. [3] [4] [5] [6] [7] Because the Gr€ uneisen coefficient c is a function only of specific volume V, the value of c is the same for the solid materials at both room and high temperature along the isochoric path. So given the changes in internal energy and pressure P H on the principal Hugoniot at the same volume V, the high-temperature Hugoniot can be written as
where V 0 is the initial volume of the principal Hugoniot, V data for molybdenum and suggested that the approximation is reasonable in the range of 0$100 GPa. Asimow et al.
2
used Mie-Gr€ uneisen EOS with different c(V) functions to fit the hot Mo Hugoniot data up to 300 GPa. The theoretical model for prediction of the Hugoniots of porous materials with different initial porosities was also deduced via the Mie-Gr€ uneisen EOS along isochoric conditions; and it has been successfully applied in the highpressure region by the researchers. 8, 9 However, it is unable to be used in the regime where response to compression is dominated by strength in the compaction process, as the shadow part shown in Fig. 1 .
In contrast to the model based on the Mie-Gr€ uneisen EOS, the Wu-Jing model 10 is derived for predicting the shock compression behavior of porous materials from its solid Hugoniot along the isobaric path using an enthalpybased EOS, the basic form of which was firstly proposed by Rice and Walsh. 11 The Wu-Jing model shows the advantage of full-pressure and full-porosity range 12 applicability. The Hugoniots of multi-component solid and porous mixture have also been satisfactorily predicted by using Wu-Jing model and cold mixture theory. 13 The objective of the current work was to build a model which is derived along the isobaric path using the enthalpy-based EOS, 10, 11 to calculate the Hugoniot of solid a)
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0021-8979/2013/114(2)/023509/9/$30.00 V C 2013 AIP Publishing LLC 114, 023509-1 materials with a high initial temperature over a wide pressure range. The high-temperature Hugoniots of tungsten over a moderate pressure range and molybdenum in the high pressure range were calculated using this method. The model was also used to predict the Hugoniots of porous materials at high temperature from the corresponding solid Hugoniot with the same temperature, applying the Wu-Jing model.
II. HUGONIOT FOR SOLID AT HIGH TEMPERATURE

A. The enthalpy-based EOS
The present method for calculating Hugoniots of preheated solid materials is based on the enthalpy-based EOS model proposed by Rice and Walsh 11 and Wu and Jing. 10 As we know, the shock pressure and internal energy for solid materials can be written as PðV; TÞ ¼ P C ðVÞ þ P T ðV; TÞ;
EðV; TÞ ¼ E C ðVÞ þ E T ðV; TÞ:
Along an isochoric process, the increase of internal energy is a function of the heat capacity at a constant volume C V and temperature T
Substituting Eqs. (2)- (4) into the Mie-Gr€ uneisen EOS given by Eliezer et al. 14 leads to the well-known equation
where c is the Gr€ uneisen coefficient as a function only of specific volume V. Because P C and E C are also functions only of V, the Mie-Gr€ uneisen EOS is suitable for describing the changes of the thermodynamic variables along isochoric paths.
Wu and Jing derived an alternative equation of state that has the same form as Eq. (5). As indicated in Fig. 2 , point C lies on the zero-Kelvin isotherm with specific volume V C , pressure P, and specific enthalpy H C , and point A is a state point on the Hugoniot with temperature T, specific volume V and has the same pressure P as point C. The material absorbs heat that increases the specific enthalpy from H C to H and increases the specific volume from V C to V. The increases in specific enthalpy and specific volume are pressure and temperature dependent and can be written as VðP; TÞ ¼ V C ðPÞ þ V T ðP; TÞ;
HðP; TÞ ¼ H C ðPÞ þ H T ðP; TÞ:
It is well known from thermodynamics that the heat absorbed in an isobaric process is equal to the increase in specific enthalpy. Accordingly, in the case of assuming the specific heat at constant pressure C P remains constant, H T can be written as
substituting Eqs. (6)- (8) into the thermodynamic identity (@H/@P) T ¼ ÀT(@V/@T) P þ V and integrating leads to the thermodynamically complete form of
where R is an integration constant which is simply pressure dependent. Moreover, because V C and H C are functions only of pressure P, Eq. (9) is just the enthalpy-based EOS. Differentiating Eq. (9) with respect to H at constant pressure gives the result From C P ¼ (@H/@T) P follows that (@V/@H) P ¼ (@V/@T) P /C P , so that Eq. (10) can be rewritten as
A thermodynamic compatibility relation of R with C P can be obtained by substituting Eq. (11) into the thermodynamic identity (
It can be seen from Eq. (12) that when R is only a function of P, C P must be a function of P and T, or C P must remain constant. When C P is assumed constant in this method, R is surely independent of T. The limitations on R are therefore embodied in the assumption that C P remains constant. Wu and Jing also show that R can be expressed in terms of Gr€ uneisen coefficient c and the isentropic bulk modulus K S as
B. Derivation of Hugoniot of materials at high temperature
Theoretically, the enthalpy-based EOS is applicable to solid materials at any temperature. The relevant equations of state for the solid at both room temperature and high temperature can be written in the following forms, respectively:
where the prime denotes the high temperature state. The parameter R in the Wu-Jing model is regarded as an effective parameter with the same value for the solid at both room temperature and high temperature under isobaric condition, as shown in Fig. 3 . From the definition of specific enthalpy and RankineHugoniot relations, these can be obtained for solids at room temperature
And for solid at high temperature
where E 0 and E 0 0 are initial specific internal energies of the solid at room temperature and high temperature, respectively. At the zero-Kelvin condition,
C P ðTÞdT and combining Eqs. (14)- (19) result in a relationship between the principal Hugoniot and the high-temperature Hugoniot for solid
Equation (20) is just the Hugoniot for material at high temperature derived along isobaric path based on the enthalpy-based EOS. The initial volume V 0 0 of the preheated material is calculated from its cold volume V 0 , the preheat temperature and the linear expansion data.
C. Determination of the parameter R
It is assumed that R has the same value for the solid at both room temperature and high temperature under isobaric condition. As mentioned above, the parameter R is only function of pressure P and can be expressed as Eq. (13). To determine the variation of R with pressure P, it is necessary to determine the variations of the Gr€ uneisen coefficient c and the isentropic bulk modulus K S .
The Dugdale-MacDonald equation 15 (D-M model for short) is used by Wu and Jing to approximate the Gr€ uneisen coefficient c, which is in the form of
The Born-Mayer potential 16 is used by Wu and Jing to describe the 0 K isotherm of the solid
where Q and q are two material constants that can be determined from the well-known solid Hugoniot. d is the   FIG. 3 . Schematic to illustrate how the Hugoniot at high-temperature can be determined from principal Hugoniot along isobaric path.
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is the initial specific volume of the material at 0 K). The isentropic bulk modulus K S of the solid is given by
and the principal Hugoniot P vs V H relation is given by
where C 0 and S are two constants in the linear relationship for the shock wave velocity U S and the particle velocity U P ,
The values of C 0 and S for most metal materials have been experimentally demonstrated. The parameters used for calculations in this paper are listed in Table I .
D. Effect of the Gr€ uneisen coefficient c on the parameter R From Eq. (12), the parameter R is closely related to the Gr€ uneisen coefficient c, so the effect of c on the parameter R is also studied in this paper. Two functions, the DugdaleMacDonald equation and the empirical equation c/V % c 0 / V 0 , are applied to determine the value of c, the latter is used frequently and has been experimentally demonstrated as having acceptable accuracy in the range of 0$100 GPa for molybdenum. 3 The comparisons between the two equations were presented by calculating the R vs P curve and Hugoniot curve for molybdenum at 1673 K. Fig. 4 shows monotonic increasing relation of parameter R and pressure P. It is found that the difference between the R vs P curves is not distinct before 50 GPa. As shown in Fig. 5 , the difference of the Hugoniot curves is negligible at the range of 0$100 GPa. At higher pressure range, the Hugoniot calculated with the D-M equation is closer to the experimental data than the one calculated with the empirical equation. The results indicate that the approximation for Mo is reasonable in the range of 1$100 GPa by using empirical equation c/V % c 0 /V 0 , which was also mentioned by Dai et al. The Hugoniot of tungsten at 1223 K was calculated using the method presented in this paper and was compared with the literature data, as shown in Fig. 6 . The principal Hugoniot of tungsten was calculated with Eq. (24) . It can be seen that large deviations occur at low pressure for both Hugoniot curves. This is because the material is usually assumed to behave hydrodynamically under shock loading, which can accurately describe the response of material at high shock pressure. But in the moderate pressure region, where shear strength may be of the same order of magnitude as the loading pressure, the shear strength of material may not be ignored. A large compressibility can be observed for the tungsten at 1223 K, which is partly connected with effects of the shear strength, and partly affected by the crush-up of the 0.4 vol. % initial void in the material. The effect of the shear strength of material as plastic flow commences at the HEL (Hugoniot elastic limit). The HEL is defined as the maximum stress sustainable by a solid in onedimensional shock compression without irreversible deformation taking place at the shock front. 26 For the preheated solid, the HEL value is lower than the one at room temperature resulting from the decrease in yielding strength. In this study, the HELs for tungsten at room temperature and at 1223 K are $3.75 GPa and $2 GPa, respectively, which is associated with the ductile-brittle transformation of tungsten. 27 The method used to predict high temperature Hugoniot here is strongly dependent on the principal Hugoniot. So the accuracy in the moderate pressure region is consistent with the one of the principal Hugoniot. However, it can be modified by introducing a proper model to describe the behavior of materials before reaching the HEL, as the P-a 28 model being incorporated to describe the porosity of porous material in Ref. 10 .
B. Application to molybdenum in high pressure range
Molybdenum is used as a standard material in a range of dynamic compression experiments extending from $1 to 2000 GPa, and much Hugoniot data for Mo at elevated temperature have been reported recently, so Mo is selected to demonstrate the validity of our model.
As shown in Fig. 7 , the calculated high-temperature Hugoniot agrees well with the corresponding experimental data over a wide pressure range. The probable reason for the deviation in the range of 200$300 GPa is that the experimental data are insufficiently precise due to the uncertain phase of the shock states. 2 The corresponding shock wave velocity U S and particle velocity U P are obtained from the Rankine-Hugoniot rela-
. 26 As shown in Fig. 8 , the full form of the calculated U S -U P curves at 1673 K is concave-downwards in U S -U P space; it shows significant curvature at low U P but approaches a linear relation at higher compression. This concave-downward U S -U P curve is similar to the ones of initially porous Hugoniots. So it can be considered that high-temperature decrease the shock impedance of solid, or "soften" the solid.
IV. APPLICATION TO POROUS MATERIAL A. Derivation of Hugoniot of porous material at high temperature
Using the Wu-Jing model, 10 the Hugoniot of porous material at high temperature can be derived from the high temperature Hugoniot of the solid along the isobaric path, as 
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Zhou 2013) shown in Fig. 9 . The equation of state for the porous material at high temperatures can be written as
Otherwise, for the porous material at high temperature
where the double apostrophe denotes the high temperature state of porous material. E 00 and V 00 00 are initial specific internal energy and specific volume of the porous material at high temperatures, respectively. P 1 and V 00 1 are pressure and specific volume at the Hugoniot elastic limit state of porous materials at high temperatures. An additional assumption used in the following treatment is that the specific energy is the same for the porous material and the solid under identical conditions of pressure and temperature, i.e., E 00
Combining Eqs. (14)- (19) and (25)- (27) , a relationship between the high-temperature Hugoniot of porous material and the high-temperature Hugoniot of solid can be obtained
where V 0 H is obtain from Eq. (20), and the cold specific volume of porous material V 00 C is determined by the Carrol-Holt model, 28 which is incorporated in Wu-Jing model to describe the porosity of porous material.
From the Hugoniot theory for two-component mixtures proposed by Krueger and Vreeland, 29 two preliminary assumptions are made, i.e., (1) the components are at an equal pressure and (2) particle velocity and average methods are used to determine the properties
where m i is the mass fraction of component materials. Assuming pressure and velocity equilibration between the mixture components, the mixture model defines the pressure as the sum of an elastic and a thermal (plastic) component. 30 The elastic portion is expressed by a Murnaghan equation and the thermal portion approximated using the MieGr€ uneisen EOS. This model allows for large thermal energies and does not require thermal equilibrium and has been proved to be valid for both solid and porous materials. 13, 29 In this mixture model, the key parameter b 
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Zhou et al. J. Appl. Phys. 114, 023509 (2013) mixture can be calculated by using the theory in Eq. (29) with each component at an equal pressure and temperature.
B. Prediction of Hugoniots of porous single-component and multi-component materials at high temperatures
The Hugoniots for porous tungsten and copper at room temperature are calculated using the present method, and the comparisons between the calculated and experimental results are shown in Figs. 10-12. It is shown from Figs. 10 and 11 that the calculated Hugoniots are in good agreement with experimental data over a wide range of pressure. The Wu-Jing model is found to be more accurate for the material with a lower porosity, as shown in Fig. 10 . It is due to the simplified P-a model, which depends only on porosity and the yield strength of the matrix materials neglecting pressure, 31 and temperature dependent effects on yielding. For porous materials high porosity can lead to substantial increases in temperature. The Hugoniots for porous and solid tungsten at different initial temperatures are also calculated, as shown in Fig. 13 . The HEL of porous material is lower than the solid material due the presence of void. There is no effective way to estimate the HEL of porous materials, theoretically. The HEL value could be approximately replaced by the pressure at which deformation transforms from elastic to plastic on the porous Hugoniot. And this critical pressure varies with different models. In this paper, the HEL of porous material at high temperature P 1 is replaced by the P 1 at room temperature, which is equal to the elastic critical pressure of porous material in the Carroll-Holt model. So the effect of temperature on HEL of materials is not considered in Fig. 13 .
Hugoniot curves for solid W/Cu mixtures at room temperature were calculated using Wu-Jing model based on the mixture theory outlined above, as shown in Figs. 14 and 15. The comparison between the calculated and experimental results indicates the validity of the method in prediction of Hugoniot for the solid mixture at room temperature. The Hugoniots for porous and solid W/Cu mixture at different initial temperatures are also calculated, as shown in Fig. 16 .
For both single-component and multi-component porous materials, the Hugoniots at high temperature deviate from the ones at room temperature due to the higher internal energy caused by higher initial temperature, which is similar to the high-temperature Hugoniot for solid deviating from its principal Hugoniot. Unfortunately, due to the lack of Hugoniot data of porous single-component and porous multi-component materials with high initial temperatures, the accuracy of the model in Hugoniot prediction of porous materials with high initial temperatures cannot be quantitatively evaluated at present. However, based on the satisfactory prediction of the Hugoniots of porous materials at room temperature from the corresponding principal Hugoniots using the model derived in this work, it is feasible to assume the validity of the present model in Hugoniot prediction of porous materials with high initial temperature from the corresponding solid Hugoniots at the same temperature, which are also successfully predicted using the model outlined above.
V. CONCLUSIONS
A model developed from the enthalpy-based EOS is used to calculate the Hugoniot of solids with high initial temperatures from its principal Hugoniot along isobaric path. The accuracy of this model mainly depends on the accuracy of the corresponding principal Hugoniot and parameter R which is related to Gr€ uneisen coefficient c. The effect of Gr€ uneisen coefficient c on the accuracy of this model, which is caused by selection of different c(V) functions, can be ignored in the range of 1 $ 100 GPa for the materials considered in this paper. The Hugoniot of tungsten at 1223 K in moderate pressure range and the Hugoniot of molybdenum at 1673 K in high pressure range were calculated using this model. The results agree well with the corresponding experimental data over a wide pressure range except the regime where the shear strength dominates, and the presented model shows the applicability in predicting the Hugoniot of solid at high temperature. The model was also used to calculate the Hugoniot of porous materials with high initial temperature along isobaric path, and the Hugoniots of multi-component solids and porous materials at high temperature were also calculated combining with the pressure equilibrium method.
Moreover, the following aspects should be noted:
(1) A drawback of the calculated results is the slight deviation from the experimental data in the moderate pressure range. The deviation occurs around the HEL state, it is due to the hydrodynamical assumption of principal Hugoniot which ignore the shear strength of material. In order to obtain more accurate prediction in moderate pressure range, the principal Hugoniot should be modified to fit the experimental data and the decrease of HEL due to high-temperature should also be considered. ( 2) The proposed model can accurately predict the Hugoniots for materials with high initial temperature, especially in high pressure range. However, this model does not address phase transition which complicates the behavior of materials under shock loading. So further researches related to phase transition are needed to broaden the application extent of this model. ( 3) The proposed model is not applicable to predict the Hugoniots of high porosity (porosity >50%) materials in low-pressure region due to the effect of substantial increases in temperature being neglected in the simplified P-a model. 
